To describe the measurement of anterior chamber area and anterior chamber volume by anteriorsegment optical coherence tomography and to investigate the association of these parameters with the presence of narrow angles.
P
RIMARY ANGLE-CLOSURE glaucoma (PACG) is a major cause of visual morbidity, especially in East Asia. [1] [2] [3] [4] Detection of risk factors and early markers for PACG is necessary for formulating strategies for screening, prevention, and treatment of this disease. Several studies have previously reported ocular biometric risk factors for PACG, such as a shallow anterior chamber depth (ACD), thick and anteriorly placed lens, and short axial length (AL). [5] [6] [7] [8] We recently conducted a study in Singapore that demonstrated that the strongest predictors for angle closure were female sex, shorter AL, shallower ACD, and Chinese race/ethnicity. 6 However, sex and racial differences for risk of angle closure were not fully explained by variations in AL or ACD alone, 6 suggesting that risk factors other than those observed may be important.
Anterior-segment optical coherence tomography (AS-OCT) permits imaging of the entire cross-section of the anterior segment in 1 image frame, allowing measurements of the entire anterior segment. We recently identified novel associations of AS-OCT-defined iris parameters (such as increased iris thickness and cross-sectional area) with the presence of narrow angles. 9 Two other novel parameters, neither of which requires subjective input to be derived from AS-OCT images, are crosssectional anterior chamber area (ACA) and anterior chamber volume (ACV). To our knowledge, they have not been studied in terms of their relationship with narrow angles and/or angle closure. We report here the distribution and determinants of ACA and ACV in a large sample of subjects recruited from a community clinic, as well as the relationship of ACA and ACV with narrow angles in this population.
METHODS
Approval for the study was granted by the Institutional Review Board of the Singapore Eye Re-search Institute, and the study was conducted in accordance with the Declaration of Helsinki. Written informed consent for this research was obtained from all subjects before enrollment.
Subjects aged at least 50 years were recruited from a government-run polyclinic that provides primary health care services for residents living in the area around the clinic. Details of the study have been described previously. 6, 8, 9 Briefly, subjects were identified by systematic sampling (every fifth patient registered at the polyclinic who met the study eligibility criteria). A detailed questionnaire was administered that included demographic and socioeconomic details, educational level, and medical and ocular history. Recruited subjects did not have any ophthalmic complaints, and individuals with a history of glaucoma, previous intraocular surgery, previous laser treatment, penetrating eye injury, or corneal disorders preventing anterior chamber assessment were excluded.
All subjects underwent a detailed eye examination that included visual acuity measurement using a logarithm of minimum angle of resolution chart (logMAR chart; Lighthouse Inc, Long Island, New York), slitlamp examination (model BQ 900; Haag-Streit, Bern, Switzerland), stereoscopic optic disc examination with a 78-diopter lens (Volk Optical Inc, Mentor, Ohio), and intraocular pressure measurement with Goldmann applanation tonometry (Haag-Streit, Koniz, Switzerland). Axial length and central ACD were measured by IOLMaster (Carl Zeiss, Jena, Germany). Gonioscopy was performed in the dark by a single fellowship-trained glaucoma specialist (R.L.) using a Goldmann 2-mirror lens at high magnification (ϫ16). Indentation gonioscopy with a Sussman 4-mirror lens (Ocular Instruments Inc, Bellevue, Washington) was used to establish the presence or absence of peripheral anterior synechiae. An eye was considered to have narrow angles if the posterior pigmented trabecular meshwork was not visible for at least 180°on nonindentation gonioscopy with the eye in the primary position.
AS-OCT IMAGING
All subjects underwent imaging with AS-OCT (Visante; Carl Zeiss Meditec, Dublin, California) under standardized dark conditions by an operator who was masked to the results of the clinical ophthalmic examination. 6, 8, 9 Scans were centered on the pupil and taken along the horizontal axis (nasal-temporal angles at 0°to 180°) using the standard anterior segment single-scan protocol. To obtain the best quality image, the examiner adjusted the saturation and noise and optimized the polarization for each scan during the examination. Because several scans were acquired by the AS-OCT device, the examiner chose the best image, with neither motion artifacts nor image artifacts due to the eyelids.
One cross-sectional horizontal AS-OCT scan of the nasal and temporal angles was evaluated for each subject. These images were then processed using customized software, the Zhongshan Angle Assessment Program (Guangzhou, China), 10 by study ophthalmologists (L.M.S. and R.-Y.W.) who were masked to clinical data. The algorithm then automatically calculated the ACA and ACV. With this program, the ACA (Figure) was defined as the cross-sectional area of anterior segment bounded by endothelium, anterior surface of iris, and anterior surface of lens (within the pupil). A vertical axis through the midpoint (center) of the ACA was plotted by the program, and the ACV was calculated by rotating the ACA 360°around this vertical axis (Figure) .
Intragrader and intergrader reliability of ACA and ACV measurement were assessed in 50 randomly selected AS-OCT images (25 with and 25 without narrow angles). The intraclass correlation coefficient and the limit of agreement (LOA; mean of differences ± 1.96ϫstandard deviation of differences) were calculated.
STATISTICAL ANALYSIS
Right eyes were used for analysis. Statistical analysis was performed using the statistical package STATA, version 9.2 (StataCorp LP, College Station, Texas). The ACA and ACV were compared between sexes and between eyes with and without narrow angles. Because anterior segment biometric parameters are well known to be associated with age and sex, the association of ACA and ACV with the presence of narrow angles (on gonioscopy) was evaluated using logistic regression models to determine the odds ratio and 95% confidence interval (CIs), after adjusting for age and sex. The multivariate adjusted odds ratio and 95% CI were obtained after adjustment for age, sex, AL, central ACD, and pupil size. Multivariate adjusted odds ratios were also calculated after stratifying by age and sex groups because the effect seemed to vary on the basis of these parameters. Crossproduct terms for age and sex were also included in models for the whole cohort to formally test for interaction. Sensitivity, specificity, positive predictive value, negative predictive value, positive likelihood ratio, and negative likelihood ratio of ACA and ACV for identifying narrow angles were calculated. Receiver operating characteristic curves were generated, and the area under the curve (AUC) was used to assess the perfor- 
RESULTS
A total of 2047 community-based subjects were recruited, of which 125 (6.1%) were excluded from analysis for the following reasons: 5 subjects (0.2%) could not undergo gonioscopy, 63 subjects (3.1%) could not complete AS-OCT examination or had poor-quality AS-OCT images, and 57 subjects (2.8%) had Zhongshan Angle Assessment Program software delineation errors. Of the 1922 subjects (93.9%) who were included for the final analysis, 1007 (52.4%) were female and 1717 (89.3%) were Chinese ( Table 1) . In brief, compared with those included, excluded subjects were significantly older and had shallower ACD, and there were proportionately more subjects with gonioscopic narrow angles.
The mean ACA was 20. 3 ; PϽ .001) were significantly smaller in women than in men. Both ACA (P for trend Ͻ.001) and ACV (P for trend Ͻ.001) were found to decrease significantly with age.
A total of 317 subjects (16.5%) were diagnosed as having narrow angles on gonioscopy. Eyes with narrow angles had a significantly smaller ACA (15.6 vs 21.1 mm 2 ; P Ͻ.001) and ACV (97.6 vs 142.1 mm 3 ; P Ͻ.001) compared with those without narrow angles. Approximately 60% of subjects within the first quartile of ACA or ACV had narrow angles ( Table 3) . Previous data obtained from the same study population indicated that there were significant differences between narrow-angle and open-angle subjects in terms of age, sex, AL, and ACD, 6 and therefore these variables were included in the multivariate models to assess for independent association between ACA and ACV measurements and narrow angles ( Table 4) . After adjustment for age, sex, AL, central ACD, and pupil size, the adjusted odds ratios (95% CI) for per-SD increase of ACA and ACV were 53.2 (27.1-104.5) and 40.2 (21.5-75.2), respectively. Women generally had stronger associations for ACA and ACV compared with those of men. Similarly, associations were stronger in subjects younger than 60 years. However, all , respectively. Significant difference in ACA and ACV was observed only between the Chinese and Malay subjects, even after adjustment for age and sex (data not shown).
For the detection of eyes with narrow angles, the optimal cutoff was determined for measurements of ACD (cutoff Յ2.95 mm; AUC, 0.828; 95% CI, 0.805-0.852), ACA (cutoff Յ17.9 mm 2 ; AUC, 0.877; 95% CI, 0.856-0.899), and ACV (cutoff Յ116.0 mm 3 ; AUC, 0.877; 95% CI, 0.855-0.898). Anterior chamber area and ACV had identical AUCs, which was significantly better (PϽ.001) than ACD in detecting narrow angles. Tests of performance of each measurement, as well as their combinations, are shown in Table 5 . When the cutoff for specificity was set at 90%, the sensitivity was 85.5% for ACA, 85.2% for ACV, and 73.5% for ACD.
All intragrader and intergrader intraclass correlation coefficients for ACA and ACV were 1.0. The intragrader LOA for ACA was from −0.046 to 0.054, with a mean difference of 0.004, and the intragrader LOA for ACV was from −0.089 to 0.111, with a mean difference of 0.034. The intergrader LOA for ACA was from −0.082 to 0.092, with a mean difference of 0.007, and the intergrader LOA for ACV was from −1.325 to 1.186, with a mean of difference −0.070. The upper and lower values of LOAs were less than 1% for ACA and less than 1.5% for ACV of the corresponding overall means. These results suggest excellent reproducibility of ACA and ACV measurement by Zhongshan Angle Assessment Program software on AS-OCT images.
COMMENT
To effectively prevent PACG by the use of prophylactic laser iridotomy, it is necessary to identify people with early stages of the disease. Early detection of anatomically narrow angles is therefore an important component of future blindness-prevention programs in Asia. 4 It has been well documented that some ocular parameters, such as ACD and AL, [5] [6] [7] [12] [13] [14] [15] reveal risk factors for PACG. A recent study also showed that ACV, when measured by Pentacam (Oculus, Wetzlar, Germany), was significantly correlated with angle width (Shaffer grade) by gonioscopy in a group of 72 Japanese angle-closure suspects. 16 However, studies with large populations have not been performed to evaluate the potential of ACV in detecting narrow angles. In this study, smaller ACA and ACV were independently associated with narrow angles, even after accounting for ACD, AL, and other known associated systemic and ocular biometric parameters. These data suggest novel associations between ACA/ACV and narrow angles. Interestingly, after stratifying by age and sex and adjusting for other known risk factors, ACA and ACV showed a stronger association with narrow angles in women than in men and in those younger than 60 years than in those of an older age. Although the precise biologic/physiologic explanations for these differences remain to be determined, these observations may partly explain the observation that narrow angles are more often seen in women. 6 Because ACA/ACV is the area/ volume bounded by the cornea, the iris, and the anterior surface of the lens, the change in ACA/ACV is the composite result of changes in these tissues. Increasing lens thickness with age may be an important factor causing the age-related decline in these parameters. The relationship of ACA/ACV with other ocular biometric parameters needs further investigation. In the present study, we also found that ACA and ACV were smallest in Chinese adults compared with those of other races. We speculate that smaller ACA and ACV in Chinese persons may in part explain the observation that Chi- nese persons have a higher risk of angle closure. 6 Further studies on interethnic differences in ACA/ACV and risk of angle closure may shed light on the pathophysiologic characteristics of PACG.
Several ocular biometric measurements, such as ACD, have been evaluated as screening parameters for angle closure. 8, 15, 16 Theoretically, the ideal community-based screening test should be physician independent, quick, and noninvasive and should have a very high specificity. When we attempted to assess the performance of AS-OCT-measured ACA/ACV in detecting narrow angles, we found that ACA (cutoff of 17.9 mm 2 ) and ACV (cutoff of 116.0 mm 3 ) had equal AUC (0.877). Comparing these results with central ACD (AUC, 0.828 using a cutoff of 2.95 mm), both ACA and ACV performed significantly better than ACD (PϽ .001), suggesting that ACA and ACV may perform better than ACD as a screening parameter for narrow angles. Furthermore, ACA and ACV do not require independent identification of ocular structures and therefore can be produced automatically once an AS-OCT image is in hand. However, because ACD is easier and less technologically demanding to obtain than ACA and ACV, together with the fact that all 3 of these measurements have relatively low specificity (Ͻ90%), the value of ACA/ACV in angle closure screening remains to be determined.
Our study had several limitations. The study sample was not population based; rather, it was a communitybased sample of elderly Singaporeans without ophthalmic complaints attending a local general clinic. Hence, the results of this study cannot be extrapolated to a general population. Additional research validating these findings in a population-based study would be helpful. Furthermore, we did not assess the variation of ACA/ACV with different lighting conditions or with accommodation. It is possible that these parameters may vary because of the effect of light and accommodation. It has to be noted that approximately 17.7% of eyes with narrow angles were excluded from the analysis because of the poor quality of AS-OCT images or delineation errors with the Zhongshan Angle Assessment Program software, which reduced the sensitivity and specificity for ACA/ ACV in detecting narrow angles. Improvement in image quality and/or optimization of the algorithm of Zhongshan Angle Assessment Program in the future may improve the performance of ACA/ACV measurement by AS-OCT. In addition, excluded subjects had shallower ACD compared with that of included ones. This is likely to be because excluded subjects were older. The difference in ACD could have introduced some bias in the results; however, this bias is nondifferential and would have been minimized because both age and ACD were adjusted for in the multivariate analysis. Finally, because the anterior chamber is not perfectly spherical, the measurements of ACA by a uniplanar (nasal-temporal) scan and ACV by rotating the ACA 360°represent approximate but not real ACA and ACV, respectively. There also may be differences in ACV estimates if superior-inferior scans were used.
In summary, in this large community-based study, we found that smaller ACA and ACV were independently associated with the presence of narrow angles, even after controlling for other known ocular risk factors, such as ACD. Associations were generally stronger in women and in people younger than 60 years. Our findings highlight the need for further research into the specific role of ACA and ACV in angle-closure pathogenesis and whether these parameters are useful for screening. 
